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Abstract: Recently, our collaborative work in the fabrication of a magnetorheological fluid (MRF)
containing high magnetization FeCo nanoparticles (NPs, fabricated in our laboratories using the
chemical reduction technique; MS = 212 Am2/kg) as magnetic fillers have resulted in a new MRF
with superior performance up to 616.7 kA/m. The MRF had a yield stress value of 2729 Pa and good
reversibility after a demagnetization process. This value competes with the best ones reported in
the most recent literature. Nevertheless, the fabrication process of this type of fluid is not an easy
task since there is a strong trend to the aggregation of the FeCo NPs due to the strong magnetic
dipolar interaction among them. Thus, now we present the analysis of some aspects concerning the
fabrication process of our FeCo NPs containing MRF, mainly the type of surfactant used to cover
those NPs (oleic acid or aluminium stearate) and its concentration, and the procedure followed
(mechanical and/or ultrasound stirring) to achieve a good dispersion of those magnetic fillers within
the fluid.
Keywords: FeCo nanoparticles; magnetorheological fluids; surfactant; dispersion; reversibility
1. Introduction
Magnetorheological (MR) fluids are widely known as “intelligent” fluids due to their
ability to exhibit reversible rheological behaviour that can be controlled by the application
of an external magnetic field. That is, they are a new class of materials whose performance
can be adapted to variable working conditions [1–3].
The magnetorheological fluid is composed of magnetic particles (or fillers) dispersed
within a liquid carrier. Ideally, under no applied magnetic field, no magnetic interaction
appears among the magnetic fillers and the observed MR behaviour is Newtonian-type,
corresponding to a suspension of non-interacting particles. However, in real cases, there is
always a weak magnetic interaction among those magnetic fillers owing to their remnant
magnetization. The application of an external magnetic field makes the magnetic fillers
exhibit a net magnetic moment, resulting in an attractive magnetostatic interaction among
those magnetic particles. As a first consequence, chain-like structures directed along the
direction of the applied field are formed. At the same time, the fluid suffers a very fast
transition from a liquid to an almost solid-state, and now finite stress (the so-called yield
stress) is needed to break the chain-like structures constructed by the magnetic fillers.
On the one hand, it is already well known that this magnetic field-induced stress rises
quadratically with the saturation magnetization of the magnetic particle [4,5]. On the other
hand, the maximum field value of the yield stress will occur when the aligned particles
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become magnetically saturated. That is, while the magnetization process of the magnetic
particles occurs when applying the external magnetic field, the flow of the fluid is hindered
and the rheological behaviour changes to that of plastic material, with big changes in its
viscosity and high values of the corresponding yield stress [6,7].
To date, the main goal in research about MRFs is to achieve high yield stress values
and controllable rheology magnetic fluids. For this purpose, an exhaustive knowledge of
the constituents of the MRF, as well as of the fabrication process is needed. This knowledge
concerns not only the magnetic particle used (composition, size and morphology, magnetic
properties) but also the liquid carrier (chemical properties and viscosity) and other additives
often used to improve magnetic particle aggregation and preventing their sedimentation.
The aim has also been to control the final fluid viscosity, stability and reversibility of the
exhibited magneto-rheology [8–10].
In previous work, the authors gave detailed information on a new magnetorheological
fluid fabricated with high magnetization FeCo nanoparticles as magnetic fillers. Our results
showed superior performance with applied magnetic fields of about 616.7 kA/m, with a
yield stress value of 2729 Pa and good reversibility after a demagnetization process [11]. This
yield stress value competes with the best ones reported in the most recent literature [12,13].
Nevertheless, within Reference [11], there is a lack of description about the full fab-
rication process to get the final product (or FeCo-MRF). Bearing this in mind, we offer
an extensive overview of the work done concerning the magnetic nanoparticles’ trend to
aggregation within the fluid and how to get their dispersion and the MRF stability.
2. Materials and Methods
2.1. Materials
Aiming to further apply our fabricated FeCo-MRF to industry, we used as the liquid
carrier, the widely known mineral oil [14]. It was purchased from Acros OrganicsTM (Fair
Lawn, NJ, USA) and had a density of 0.8697 g/cm3 (as determined by an Anton Paar DMA
500 densimeter) and a refractive index of 1.4766 (as determined by an RXA 156 refractometer).
This mineral oil showed a viscosity of 123.79 mPa·s at 25 ◦C, as determined using an Anton
Paar MCR 501 rotational rheometer working in a parallel disk configuration. For this last
measurement, deformation velocity was continuously varied from 10 to 200 s−1.
Concerning the magnetic filler (particle) to be added to the liquid carrier, the best
performance was observed when they showed high saturation magnetization and mag-
netic permeability values, and low coercitivity strength [15,16]. That is soft magnetic
particles. We used Fe47Co53 nanoparticles synthesized following the chemical reduction
technique [17,18]. Exhaustive information about the fabrication procedure and the char-
acterization of the final powder can be found in [11]. Briefly, they show a saturation
magnetization value of MS = 212 Am2/kg, higher than that of pure Fe nanoparticles (see,
for example, Reference [5]), coercitivity field of 6.84 kA/m, and magnetization remanence
of Mr = 18.1 Am2/kg. In other words, they are high magnetization FeCo soft magnetic
NPs. As probed by TEM imaging, the single nanoparticles were 30–500 nm in size, but they
easily agglomerated to form clusters in the 200–500 nm range (see Figure 1).
To avoid such nanoparticle aggregation within the fluid that should reflect irreversible
magnetorheological behaviour, we used and analyzed two different surfactant types to
favor the desired dispersion of the nanoparticles: oleic acid (OA) and aluminium stearate
(AlSt). Oleic acid is a fatty acid with the formula C18H34O2 and was purchased from VWR
Chemicals. Its density was 0.8946 g/cm3 at 20 ◦C, following its technical specifications.
This fatty acid is an amphiphilic compound with a polar positive head and a non-polar tail.
On the other hand, Al(III) stearate (Al(C18H35O2)3) was purchased from Sigma Aldrich.
This is a salt formed by the stearate acid with also a hydrocarbon chain of 18 C but, unlike
oleic acid, it does not contain one double bond.
Finally, and even if the stability of the synthesized fluid is already favored by the small
size of the magnetic filler used (at the nanoscale), we added Aerosil 300 (Fumed silica) as
Fluids 2021, 6, 132 3 of 11
a viscosifying agent. It was composed of nanoparticles in the range 5 to 50 nm that also
aggregated and led to an increase in the viscosity of the final fabricated fluid.
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2.2. Fabrication and Characterization of the Magnetorheological Fluids
The synthesis of the magnetorheological fluids studied in this work started with the
corresponding amount of the liquid carrier, in our case mineral oil. Afterward, the Aerosil
300 viscosifying agent was added in the proportion of 1 g Aerosil/40 g of mineral oil. The
mixture was then homogenized in two steps. First by using ultrasonic stirring for 5 min
with the Transonic TI-HZ device. Second, by using mechanical stirring for 5 min with
the Heidolph RZR 2051 device. T is first step was common to all magnetorheological
fluids fabricated.
The next step involve the a dition of the employed surfactant in the desired concen-
tration for the number of anoparticles to be added. In the case of oleic acid, 28.49 g
AO/1 g FeCo NPs. For the aluminium stearate case, 6.51 mg AlS /1 g FeCo NPs.
Finally, a 10%vol. content of FeCo NPs added i a two-step pr cedure. First, 50%
of these NPs amounts were added to the previously prepared mixture and dispersed first
by 5 min of ultrasound stirring followed by 5 min of mechani al s irring. The remai ing
50% f the FeCo NPs were added to the fluid and first disp rsed by 5 min of ultrasound
stirrin , and subsequently, stirred mechanic lly for 24 h at a speed of 150 rpm.
Table 1 shows all the fluids synthesized by following the previous procedure. All
served to analyze the influence of different parameters during the fabrication rocess, as
the surfactant type (oleic acid, -OA; aluminium stearate, -AlSt), the influence of the mixing
process of the constituents (-MS: only mechanical stirring; -US: ultrasound stirring followed
by mechanical stirring), and the surfactant concentration (-OA: 28.49 mg OA/1 g FeCo
NPs; -2OA: twice the -OA value; -4OA: four times the -OA value).
That is, seven different fabricated MRFs. For all the fluids previously fabricated, the
magneto-rheological behaviour was measured. For this purpose, an Anton Paar Physica
MCR 501 rotational rheometer plus the cell MRD-70/1T (fed with an electrical current in
the range 0 to 5 A) was used to apply the desired magnetic field. Measurements were made
in a parallel disk configuration, and the magnetic field was applied perpendicular to the
shear plane. That externally applied magnetic field ranged from 0 to 616.7 kA/m, and after
each characterization measure ent, a demagnetization cycling procedure was applied.
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In this way, the shear stress value was measured as a function of shear rate and applied
magnetic field, simultaneously.
Table 1. Summary of the different magnetorheological fluids analyzed in this work.











The magneto-rheological characterization was performed in three steps: (i) the cell
containing the MR fluid spins at 140 rpm for 30 s to homogenize it; (ii) the corresponding
magnetic field for the measurement was applied for 30 s, and then (iii) the characterization
started. The applied magnetic field was kept constant while the shear rate increased in the
range 0.01 to 600 s−1. The shear rate change was chosen to be logarithmic so that more data
could be measured at low shear rate values. For a better accuracy on each shear stress value,
measurement lasted for 3 s and 60 values of that measured shear stress were averaged.
Reversibility of all the studied MRFs was performed in three steps. (i) The desired
magnetic field was applied. (ii) The fluid followed a demagnetizing process. (iii) The
rheological behaviour at zero applied field was measured. In this way, we could determine
the capability of each fluid to recover its rheology to the initial situation when no applied
magnetic field was acting on it.
All these rheological characterization measurements were performed at 25 ◦C, being
the temperature controlled by using a Refrigerated Heating Circulator Julabo F 25-MC.
3. Results
3.1. Magnetorheologic Behaviour
In all cases (all the fluids appearing in Table 1), we observed that under application
of an external magnetic field, our fabricated MR fluids showed a non-Newtonian [16,19]
behaviour. This fact made the conversion proposed by DIN 53018 [20] between the physical
data of the rheometer (rotation speed and torque) and rheological parameters (shear rate
and shear stress) not to be applicable in the present case. Thus, a correct analysis of the
data was performed by applying the Rabinowitsch conversion method [21,22].
All the studied fluids showed a similar strong magnetorheological response, with
increasing shear stress values as the magnetic field intensity increased. An example of such
behaviour can be seen in Figure 2a. The yield stress value τ0 is one of the main parameters
that can be extracted from the measured rheological curves under the application of an
external magnetic field. To account for this value, the obtained data from rheological
measurements were fitted using the Herschel-Bulkley (HB) model [23] that accounts for
the parametric description of the rheological post-yield behavior of both magnetic fluids as
a function of the magnetic field intensity:




where τ is the shear stress, τ0 is the yield stress,
.
γ is the shear rate, K is the consistency
index (that gives an idea about the viscosity of the fluid), and n is the pseudo-plasticity or
flow behaviour index.
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where τmax is the yield str l (at the maximum shear rate of 600 s−1) measured
when no magnetic field was acting upon the fluid, and τ′max is the yield stress value (at
the maximum shear rate of 600 s−1) measured w n the aximum magn tic field (616.7
kA/m) plus th s bsequent demagnetizati n process to reach again zero magnetic fields
were applied.
3.2. Influence of the Surfactant Type
Our laboratory fabricated FeCo nanoparticles showed a strong tendency to aggrega-
tion, as previously mentioned, also translating when immersed in a fluid. The reason for
this fact arose from the strong magnetic dipolar interaction among them due to their high
magnetization value. Thus, dispersing as best as possible those NPs within the fluid was
the first task of our study. For this purpose, it is well known that the use of an adequate
surfactant favors the performance of the fabricated MRF. The surfactant will surround
the magnetic nanoparticles hiding to a certain degree the magnetic interaction among
them. Following this line of reasoning, we tested two different surfactants: Aluminium
(III) stearate (AlSt), which is widely used in the fabrication of magnetorheological fluids,
and oleic acid (OA).
Figure 3 shows the yield stress values τ0 measured as a function of the applied
magnetic field, for both fabricated fluids. As the intensity of the applied magnetic field
increased, the measured yield stress value increased, and with the same results for both
types of surfactants. Nevertheless, at the maximum applied magnetic field of 616.7 kA/m,
the HB method fit τ0 value was 10% lower for the fluid containing aluminium stearate
(FeCo-MRF-AlSt-MS) as it appears in Table 2.
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Table 2. Summary of the values of the different parameters obtained when using the Herschel-Bulkley
model, for all the magnetorheological fluids analyzed in this work.
Nominal Sample τ0 (Pa) K (Pa.sn) n
616.7 kA/m 0 kA/m 616.7 kA/m 0 kA/m 616.7 kA/m
FeCo-MRF-OA-MS 2479 0.58 363 0.91 0.43
F Co-MRF-AlSt-MS 2230 2.13 436 0.82 0.43
FeCo-MRF-OA-MS 2479 0.58 363 0.91 0.43
FeCo-MRF-OA-US 2472 0.79 439 0.90 0.42
FeCo-MRF-OA-MS 2479 0.58 363 0.91 0.43
FeCo-MRF-2OA-MS 2504 0.63 359 0.92 0.45
FeCo-MRF-4OA-MS 2571 0.76 371 0.89 0.44
FeCo-MRF-OA-US 2472 0.79 439 0.90 0.42
FeCo-MRF-2OA-US 2189 0.66 282 0.94 0.49
FeCo-MRF-4OA-US 2353 0.94 632 0.90 0.37
On the contrary, at zero magnetic fields, the fluid containing aluminium stearate
showed higher stress values at the maximum shear stress than the one containing the oleic
acid (see values in Table 3). Despite this fact, the degree of reversibility estimated for both
fluids was higher (77.8%) for the FeCo-MRF-OA-MS than for the FeCo-MRF-AlSt-MS. This
lasted with only a 53.5% degree of reversibility.
Table 3. Values of the stress measured at the maximum shear rate (600 s−1) under different applied magnetic field conditions,
for the two different surfactants studied.




(at 0 kA/m, after 616.7 kA/m + Demagnetization)
Reversibility (%)
FeCo-MRF-OA-MS 198.3 154.4 77.8
FeCo-MRF-AlSt-MS 442.8 236.8 53.5
From our measurements, it was easy to infer that searching for good reversibility of
our fabricated MRF, oleic acid worked better as a surfactant than aluminium(III) stearate.
There were two main differences between these surfactants. Despite both of them having a
hydrocarbon chain of 18 C, stearate is in the form of an organometallic compound with
an Al3+ cation and the organic chain does not contain an unsaturated double bond like
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oleic acid. The dispersion of FeCo NPs in the oils would be favored with only amphiphilic
chains with a polar head attached to iron and cobalt atoms on the external surface of the
NPs and tails immersed in the oil [26]. In the case of the stearate, Al3+ ions must also
be accommodated around the NPs, which could make an adequate dispersion difficult.
Moreover, the interaction between double bonds in oleic acid could also assist to stabilize
densely packed layers on the surface of the nanoparticles.
As a first consequence, in the following sections, all appearing magnetorheological
fluids were synthesized using OA as a surfactant constituent.
3.3. Influence of the Dispersion of the Magnetic Nanoparticles
We also studied the influence of the degree of dispersion of the FeCo nanoparticles on
the magnetorheological behaviour exhibited by the fabricated fluids. To do this, we have
used an MRF of identical composition (constituents and quantities), but in one of them,
the process of mixing the magnetic FeCo NPs was mechanical stirring at 150 rpm for 24 h
(FeCo-MRF-OA-MS fluid). Meanwhile, for the other first, we applied ultrasound stirring
for 12 h followed by mechanical stirring at 150 rpm for 12 h (FeCo-MRF-OA-US fluid).
Figure 4 shows the obtained τ0 yield stress values when using the Herschel-Bulkley
method fit. The first observation told us that at the maximum applied magnetic field of
616.7 kA/m, the HB method fit τ0 value was practically the same (above 2470 Pa) for
both fabricated fluids. No clear conclusion can be extracted from these measurements.
Nevertheless, and at the same time, the K value was 12% higher for the FeCo-MRF-OA-US
fluid, as shown in Table 2. That is, this fluid was a bit more viscous than the FeCo-MRF-
OA-MS fluid. However, and despite its lower viscosity, for the FeCo-MRF-OA-MS fluid,
the degree of reversibility was lower (77.8%) than for the FeCo-MRF-OA-US one (89.4%),
as shown in Table 4.
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for the two different magnetic filler dispersion methods.




(at 0 kA/m, after 616.7 kA/m + Demagnetization)
Rever ibility (%)
FeCo-MRF-OA-MS 198.3 154.4 77.8
FeCo-MRF-OA-US 251.8 225.2 89.4
The FeCo-MRF-OA-US fluid was fabricated by applying both ultrasound and me-
cha ical stirring pr cedures. This procedure favors: (i) the FeCo NPs to be covered by
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the oleic acid surfactant, and (ii) that the size of the NPs or their aggregates was smaller
than when the fluid was fabricated using only the mechanical stirring mixing process. In
opposition, when using only mechanical stirring, big aggregates should remain within the
fabricated fluid, giving rise to the observed high viscosity as deduced from the yield stress
and consistency index values, K.
3.4. Influence of the Concentration of Oleic Acid (Surfactant) Used
Finally, we studied the influence of the concentration of the surfactant used (oleic
acid) in the magnetorheological properties of the fabricated fluids. Tested surfactant
concentrations were: -OA: 28.49 mg AO/1 g FeCo NPs; -2OA: twice the -OA value; -4OA:
four times the -OA value. Moreover, to validate our previous observations, MRF fluids
were fabricated not only by the mechanical stirring (-MS samples) mixing process but also
using both the ultrasound and mechanical stirring (-US samples) procedures. From values
obtained by the HB fit method (see Table 2), we observed an increase from 2479 to 2571 Pa
of the τ0 values as the amount of oleic acid increased for the -MS fabricated fluids. For the
case of -US fabricated fluids, there was no clear trend and the values ranged between 2189
to 2472 Pa.
Nevertheless, measurements under zero applied for the magnetic field showed that,
in all cases, the same trend was observed both for -MS and -US fabricated fluids. There was
a continuous increase in the measured τmax value as the concentration of surfactant used
increased. Besides this fact, measured values of τmax were higher for the -US fabricated
fluids than for the -MS fabricated ones (see data in Tables 5 and 6).
Table 5. Values of the yield stress measured at the maximum shear rate (600 s−1) under different applied magnetic field
conditions, for the -MS fabricated fluids with different oleic acid surfactant concentrations studied.
Sample τmax (Pa)(at 0 kA/m) τ
′
max (Pa)(at 0 kA/m, after 616.7 kA/m + Demagnetization) Reversibility (%)
FeCo-MRF-OA-MS 198.3 154.4 77.8
FeCo-MRF-2OA-MS 228.2 174.3 76.4
FeCo-MRF-4OA-MS 231.5 186.1 80.4
Table 6. Values of the yield stress measured at the maximum shear rate (600 s−1) under different applied magnetic field
conditions, for the -US fabricated fluids with different oleic acid surfactant concentrations studied.
Sample τmax (Pa)(at 0 kA/m) τ
′
max (Pa)(at 0 kA/m, after 616.7 kA/m + Demagnetization) Reversibility (%)
FeCo-MRF-OA-US 251.8 225.2 89.4
FeCo-MRF-2OA-US 267.2 219.9 82.3
FeCo-MRF-4OA-US 307.7 285.2 92.7
As previously described in Section 3.1. Magnetorheological behaviour, the reversibility
of the response of the MRFs was studied in a two-step process. First, by measuring at a zero
applied magnetic field. The second step, by measuring again at a zero applied magnetic
field but with zero intensity obtained after applying different intensities of the magnetic
field and subsequent application of a demagnetization process to the fluid. Figure 5 shows
an example of such type of measurements for the FeCo-MRF-4OA-MS and FeCo-MRF-
4OA-US fluids.
At a single glance, we observed that the -US fabricated fluids showed better reversibil-
ity behaviour. This was an 80,4% maximum value for the FeCo-MRF-4OA-MS fluid, while
for the FeCo-MRF-4OA-US fluid, this reversibility reached an excellent 92.7%. This was
explained by the hypothesis that higher quantities of oleic acid would not strictly increase
the number of molecules of oleic acid recovering each nanoparticle. Raw calculations of
the number of molecules of oleic acid on the nanoparticles (around 17.060 molecules per
NP for the -OA concentration, on a particle surface of 5026 nm2) together with our results
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suggested that the increasing amounts of -2OA and -4OA would participate in the mixing
process with the oil, instead of the attachment to the NP surface.
In the following section, we give a summary and overview and further discuss
our observations.
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4. Discus on and Conclusions
In the previous sections, we extensively discussed the influence of several factors on
the fabrication of MRFs containing high magnetization FeCo nanoparticles. Our findings
can be summarized as:
• Oleic acid (OA) works better than aluminium stearate (AlSt) as a surfactant for FeCo
nanoparticles.
• Ultrasound stirring (12 h) followed by mechanical stirring (+12 h; -US fluids) shows a
better reversibility behaviour of the fabricated MRFs, most probably due to a better
dispersion of FeCo nanoparticles within the fluid than when only the mechanical
stirring (24 h; -MS fluids) procedure is used.
• Increasing the concentration of the surfactant oleic acid up to 113.96 mg AO/1 g FeCo
NPs (-4OA) gives as a result of an MRF with excellent reversible behaviour, up to 92,7%
after applying a 616.7 kA/m magnetic field and subsequent demagnetizing process.
That is, the final fluid fabricated with nominal denomination FeCo-MRF-4OA-US
shows good magnetorheological behaviour with excellent reversibility after the demag-
netisation process. Table 7 shows a brief comparison with other recent results within this
research field, showing that our final product competes well with results obtained from
other authors.
Table 7. Comparison of different MR fluids prepared with nanoparticles of Fe and FeCo as magnetic fillers. Adapted from
Table 2 in [11].
Particle Composition Particle Concentration (%vol.) Carrier Liquid Magnetic Field (kA/m) Yield Stress τ0 (Pa)
FeCo (this work) 10 mineral oil 616.7 2353
FeCo [11] 10 mineral oil 616.7 2729
Fe [12] (arc plasma) 15 silicon oil 238 5500
Fe [13] (DC arc) 40 silicon oil 434 4200
CoFe2O4 1 [27] 8.24 silicon oil 250 4800
1 Co ferrite nanoparticles not immersed in a fluid, but deposited onto a MoS2 nanosheet.
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The future collaborative work between the UPV/EHU (University of the Basque
Country) and MGEP (University of Mondragon) in the fabrication of magnetorheological
fluids (MRFs) containing high magnetization nanoparticles should point to different (but
essential) questions concerning the performance of the fabricated fluid. To test new mineral
oils as liquid carriers and to study and improve other aspects of their performance, as the
important task of particle sedimentation.
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